Pancreatic islet cell transplantation is a promising approach to restore the required mass of functional beta cells in diabetic patients as a mean to achieve longterm normoglycaemia. This therapy is, however, not yet widely used because of the shortage of human islet cells and problems of viability and rejection of grafted cells. The search for new, improved therapies for diabetes could be crucially enhanced by a profound knowledge of a number of fundamental questions concerning beta-cell proliferation, differentiation, survival and physiology. One attractive approach towards a cure for diabetes involves the generation of functional beta cells from stem and/or progenitor cells. The prospect of such a scenario will require three important prerequisites, i. e. the identification of (i) pancreatic stem or progenitor cells that have the capacity to self-renew and to generate differ- Diabetologia (2001) 
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Abstract
Diabetes affects 4 to 5 % of the population worldwide and is the most common metabolic disorder. The number of individuals diagnosed with diabetes is rapidly increasing, especially in the developed countries and the disorder frequently leads to secondary complications such as retinopathy, nephropathy, neuropathy and cardiovascular disease. Type II (non-insulindependent) diabetes mellitus is the most common form of diabetes, more than 90 % of diagnosed cases, and results from insulin resistance, pancreatic betacell dysfunction, or a combination of both. The betacell dysfunction seems to result in part from an inability of the beta cells to produce and secrete sufficient amounts of active insulin in response to an increased demand for insulin. Type I (insulin-dependent) diabetes mellitus is caused by an autoimmune destruction of the insulin producing beta cells, resulting in insulin deficiency. The existing therapies for both types of diabetes are unsatisfactory since they do not offer a cure and are mostly not sufficient for preventing the secondary complications associated with diabetes. Thus, there is a great need for new improved therapies. This search is, however, hampered by our currently limited knowledge of the basic processes that control the proliferation, differentiation, survival and physiology of the beta cell. Over the last 7 to 8 years our knowledge concerning the development of the pancreas has increased substantially due to the use of genetically modified mice. Nevertheless, key questions regarding the control of proliferation and differentiation of pancreatic progenitor cells into fully functional beta cells remain to be solved. Keywords Dorsal and ventral pancreas, notochord, lateral inhibition, notch-signalling, Type II diabetes, beta-cell dysfunction, proinsulin, PC1/3, Glut2, FGF-signalling, Ipf1/Pdx1. entiated progeny, (ii) proliferative signals that can expand specified pancreatic progenitor cells, (iii) instructive signals that can induce the differentiation of these stem and/or progenitor cells into functional beta cells that secrete fully processed insulin in a pulsatile manner in response to physiological concentrations of glucose. The current interest in pancreatic stem cells is unfortunately not matched by our existing knowledge of the processes that normally operate during embryogenesis to control the proliferation, specification, commitment and differentiation of pancreatic progenitor cells. Our views on stem cells have changed dramatically during the last years and stem cells are found in many different organs of adult animals and can be manipulated to differentiate and to generate cells different from those of the organ they initially originate from [1±3] . To make use of the full potential of stem cells, the molecular mechanisms that keep cells undifferentiated and the factors that allow expansion of stem cells need to be identified. We need to understand how stem cells become specified and committed for particular fates, and the mechanism by which committed cells terminally differentiate into functional cell types. The generality of these mechanisms among different stem cell populations also needs to be elucidated. This information should provide a critical basis for efforts to recapitulate these events in the diseased organ, and/or ex vivo, with the generation of functional cell types as the ultimate goal. Several recent reviews on pancreas development have extensively discussed the role that various transcription and intercellular factors play during pancreatic development [4±9] . Hence, this review will not in detail discuss all these factors but rather a selected number of intrinsic and extrinsic factors controlling beta-cell differentiation and function.
Initiation of the pancreatic program
Pancreatic cell types derive from endodermal cells of the upper, duodenal, region of the foregut [10, 11] and the development of the pancreas begins with the dorsal and ventral protrusion of a region of the primitive gut epithelium [5, 7] (Fig. 1) . The initiation of the pancreatic program critically requires that signals specify the pancreatic region within the developing gut endoderm [5, 7, 9] . One important component of this early specification of the pancreatic program within a region of the gut endoderm involves the exclusion of the hedgehog gene family of signalling molecules, Sonic hedgehog (Shh) and Indian hedgehog (Ihh), since these factors promote an intestinal differentiation program on the expense of pancreatic development [12, 13] . At the dorsal site, factors emanating from the notochord have been suggested to ensure that the expression of the hh genes is prohibited [14±16] . It is, however, plausible to assume that, in addition, the endoderm is already patterned so that only the presumptive pancreatic regions respond to factors secreted from the notochord by suppressing the expression of shh and ihh. Candidate factors capable of, at least in vitro, suppressing the expression of the hh genes are activin-bB and fibroblast growth factor (FGF) 2 [17] . However, this is complicated by the parallel development of the ventral pancreatic primordium. At this site there is no notochord equivalent and instead the ventral pancreatic anlage develops in close proximity to the developing heart and liver (Fig. 1) . In vitro cultures of early ventral foregut endoderm under different culture conditions suggest that FGFs secreted from the embryonic heart promote hepatocyte differentiation on the expense of ventral pancreatic initiation [17] . Thus in this context FGFs inhibit rather than promote a pancreatic program. A number of additional differences exist between the development of the dorsal and ventral pancreatic buds. The mesenchyme surrounding the dorsal pancreatic epithelium expresses the LIM homeodomain protein Isl1 and this mesenchyme is lost in the Isl1 -/-mice [18] . The loss of dorsal mesenchyme in turn obstructs dorsal pancreatic development in these mutants whereas the ventral bud, which is surrounded by mesenchyme that do not normally express Isl1, still can go on and give rise to exocrine, but not endocrine cell types [18] . Another striking difference between the dorsal and Fig. 1 . Pancreatic development commences with the evagination of the gut endoderm to give rise to the dorsal and ventral pancreatic buds. IPF1/PDX1 is one of the earliest markers defining the pancreatic region of the gut endoderm during these early stages. In mice the dorsal and ventral pancreatic buds become apparent on embryonic day (e) 9. The two buds will grow, branch and eventually fuse around e13±14 to form the definitive pancreas [5] ventral pancreatic bud is illustrated by the phenotype in mice defect in the homeobox gene Hlxb9, encoding Hb9 [19±21] . Hb9 is transiently expressed both at the dorsal and ventral sites at early stages and at later stages Hb9, similar to the homeodomain transcription factor IPF1/PDX1, reappears but is then restricted to the insulin-producing beta cells [20, 21] . In Hlxb9 mutant mice dorsal pancreatic development is blocked whereas, in contrast, the ventral pancreas develops and contains both endocrine and exocrine cells [20, 21] . Thus, the requirement for Hlxb9 in pancreatic development reveals a molecular distinction in the dorsal and ventral differentiation programs. No link has yet been found between Hlxb9 and pancreatic disorders in humans. Nevertheless, several studies describing cases showing either a selective dorsal or ventral apancreatic phenotype have been reported in the literature but the cause underlying these abnormalities are presently not known [22, 23] .
Specification of pancreatic cell fate
Lateral specification mediated by the Notch signalling pathway is a classic way of specifying a particular cell fate within a field of initially equivalent cells [24±26] . Notch-signalling involves cells expressing high quantities of the ligands (Delta or Serrate) that signal to activate Notch receptors on neighbouring cells in which the activated, intracellular Notch receptor (NIC) suppress the primary cell fate, i. e. the cell fate adopted by the signalling cell (Fig. 2) . In the Notch-signalling pathway NIC interacts with the DNA-binding protein RBP-Jk to activate expression of bHLH repressor genes, i. e. the Hes genes, which in turn repress expression of downstream target genes which if expressed would promote the primary cell fate [24±26] .
Endocrine cells of the pancreas appear in a scattered manner in the early pancreatic anlagen (Fig. 3) . Analyses of mice genetically altered at several steps in the Notch signalling pathway have shown that, similar to the generation of neurons during neurogenesis, the endocrine cells of the pancreas are specified by lateral specification mediated by the Notch signalling pathway [27, 28] . Mice deficient for the genes Delta-like gene 1 (Dll1), intracellular mediator RBP-Jk or the bHLH repressor Hes1, all show accelerated differentiation of pancreatic endocrine cells paralleled by a depletion of the pool pancreatic precursor cells [27, 28] . In addition a similar phenotype was observed in mice over-expressing ngn3 or the intracellular form of Notch3, which act as a repressor of Notch signalling [27] . In contrast, mice lacking a functional ngn3 gene completely lack pancreatic endocrine cells although a grossly normal pancreas with exocrine cells still develops in these mutants [29] . Together these studies collectively demonstrate that Notch signalling controls the choice between differentiated endocrine and progenitor cell fates in the developing pancreas, and that a block in the activation of the Notch receptor, resulting in high ngn 3 gene expression, promotes the endocrine fate (Fig. 3) . In contrast, cells with active Notch-sig- Fig. 2 . Notch-signalling involves direct cell to cell signalling between adjacent cells via membrane-bound receptors, encoded by the Notch genes, and membrane-bound ligands, encoded by the Delta and Serrate genes. Ligand-receptor activation results in a processing of the receptor so that the intracellular (IC) part is cleaved off and activated. The IC part of Notch acts via the RPB-Jk transcription factor to activate expression of the Hes genes in the receiving cell. The Hes genes encode bHLH transcriptional repressors that repress the expression of primary fate genes like the ngn genes. In the receiving cell primary fate (ngn) gene expression is repressed via Notch-activation, whereas the signalling cell is free to express primary fate (ngn) genes and differentiate accordingly nalling adopt the exocrine fate and/or remain as undifferentiated progenitor cells which would allow the subsequent proliferation, morphogenesis and differentiation of the pancreatic epithelial cells analogous to the function of Notch-signalling during early mammalian neurogenesis [24±26] .
Throughout pancreatic development the endocrine cells delineate from the epithelium upon differentiation and migrate into the adjacent mesenchyme where they cluster. This migration is likely to result in a decrease in Notch signalling (i. e. lateral inhibition) among progenitor cell and in addition allows the formation of islet structures. This would consequently permit a continued appearance of cells with a primary (endocrine) fate that can respond to later appearing inductive signals and thus generate distinct endocrine cells throughout the development of the pancreas depending on the inductive milieu. Progenitor cells that are not singled out to become endocrine cells will subsequently differentiate to become either acinar or ductal cells. Alternatively, the existence of several receptors and ligands of the Notch-pathway which are expressed in different temporal patterns during pancreatic development [27, 30] could suggest that Notch-signalling in the pancreas is complex and that depending on the type of ligand-receptor interaction different endocrine cell types could be generated. Other components that could also modulate Notch-signalling involves the presenilin genes 1 and 2 and Sel-1 [31±33]. Presenilins seem to be involved in the processing of the Notch-receptor to the active, intra-cellular form [31, 32] and Sel-1 seems to antagonise Notch-signalling, presumably by participating in the degradation of Notch [33] .
FGF-signalling and diabetes
Type II (non-insulin-dependent) diabetes mellitus is the most common form of diabetes, affecting about 4 % of the population worldwide. Type II diabetes results from insulin resistance, beta-cell dysfunction, or a combination of both, which can lead to secondary complications such as retinopathy, nephropathy, neuropathy and cardiovascular disease [34, 35] . The betacell dysfunction seems to result in part from an inability of the beta cells to produce and secrete sufficient amounts of active insulin in response to an increased demand for insulin [34, 35] . Type II diabetic patients often, but not always, show a reduced number of beta cells compared to weight-matched, non-diabetic subjects, which could suggest that diabetic patients have fewer beta cells prior to onset of disease and/or fail to generate more beta cells in response to an increased demand for insulin [36±40] . The beta cells of many Type II diabetic patients have a perturbed glucose stimulation of insulin release, resulting in an impaired glucose tolerance in these patients, a condition that usually precedes the onset of the disease [34, 35, 41±43] . In fasting states the beta cell stores insulin and C-peptide within storage granules in readiness for quick first phase release of insulin after stimulation by the uptake of glucose via the low-affinity glucose transporter type 2, Glut2. Glucose, which enters the cell, becomes phosphorylated by glucokinase and metabolism of glucose leads to an increase in the ATP:ADP ratio. The rise in the ATP:ADP ratio blocks the ATP-sensitive K + ATP transmembrane channel, resulting in membrane depolarisation and subsequent activation of the voltage gated Ca 2+ -channel. The following influx of Ca 2+ then stimulates exocytic release of insulin and C-peptide into the bloodstream.
Another prominent feature of diabetic patients is an increased ratio of circulating proinsulin to insulin (P:I) compared to healthy subjects [42, 43] . Several independent studies have identified hyperproinsulinaemia as a risk factor for the progression to overt diabetes in patients showing an impaired glucose tolerance [44±51]. Thus an increased P:I ratio has been associated with a rapid conversion from a prediabetic to an overt diabetic state, irrespective of insulin resistance. Together these findings suggest that a defect in the processing of proinsulin to active insulin in the beta cells could be a direct contributing factor for the development of the disease [44±51]. Processing of proinsulin to insulin in beta cells is catalysed by the sequential actions of prohormone convertases PC1/3 and PC2, which act in concert with carboxypeptidase E (CPE). PC1/3 appears more important than PC2 in the processing of proinsulin to active insulin because inactivation of PC2 does not result in a diabetic phenotype [52] . PC2 plays, however, a crucial part in the processing of proglucagon and prosomatostatin in a-and d-cells [52, 53] . In addition, a patient with a compound heterozygote defect in the PC1/3 gene showed increased plasma proinsulin contents and perturbed glucose homeostasis [54] , further emphasising the critical role of PC1/3 in proinsulin processing.
The increased P:I ratio in Type II diabetic patients suggests that proinsulin processing to mature insulin is perturbed, implying an impaired expression or activity of prohormone convertases 1/3 and 2 in the beta cells of these patients. Until now no uniform molecular mechanism that provides an explanation for these beta-cell dysfunctions in Type II diabetic patients has been proposed.
Recent findings provide the first insights into the nature of a signalling pathway that seems to control several key aspects of beta-cell functions. Dominantnegative approaches used in transgenic mice as a way of exploring the function of FGF-signalling in pancreas links the FGF-pathway to beta-cell function [55] . FGF-signalling involves binding soluble ligands, fibroblast growth factors (FGFs), to the extra-cellular domain of high affinity membrane-bound FGF receptors (FGFRs), which belongs to the tyrosine kinase family of receptors [56, 57] . A large number of Fgfs are expressed in the developing mouse embryo and gene inactivation approaches to elucidate the role of FGF-signalling in the mouse have been hampered by early embryonic lethality or functional redundancy [56, 57] . An alternative genetic approach has been to attenuate FGF-signalling via expression of dominant negative (dn) forms of fibroblast growth factor receptors (FGFRs) that will bind to and block the interaction of FGFs with the normal receptor. This approach has been used successfully to antagonise FGF-signalling in a number of different tissues and organs [58±61].
In the adult pancreas FGFR1 and 2, along with the ligands FGF1, FGF2, FGF4, FGF5, FGF7 and FGF10 are all selectively expressed in beta cells [55] . To elucidate a role for FGF-signalling in the genesis and/or function of beta cells two transgenic mouse lines which expressed a dominant negative (dn) version of FGFR1 c [62] , denoted FRID1, or FGFR2 b [62, 63] , denoted FRIND2, in the developing pancreas under the control of the Ipf1/Pdx1 promoter were generated [55] . Both FRID1 and FRIND2 mice were normal and appeared initially healthy but around 15 weeks of age the FRID1 mice developed diabetes with non-fasting blood glucose concentrations of 26.4 mmol/l ± 1.5 and fasting blood glucose concentrations of 15.8 mmol 1.3 [55] . In contrast the FRIND2 mice do not develop diabetes. Analyses of factors controlling key aspects of beta-cell function reveal two significant beta-cell defects in the FRID1 mice that together are likely to underlie the development of diabetes in the FRID1 mice. First, there is an impaired beta-cell expression of the glucose transporter type 2, which would result in an impaired glucose sensing. Secondly, there is a drastically reduced expression of PC1/3 in the beta cells, which most likely would impair insulin processing. Although a direct role for Glut2 in maintaining normoglycaemia in human beta cells has not been proven, Glut2 is required for maintenance of normoglycaemia in mice and hence Glut2 null mutant mice develop early diabetes due to an impairment of glucose stimulated first, but not second, phase insulin secretion [64] . The betacell dysfunction of the Glut2 mutant, and thus the early diabetes, could be rescued by expressing either Glut2 or Glut1 specifically in beta cells of those mutant mice [65] . Hence, there is direct genetic evidence on the requirement of Glut2 in maintaining glucose homeostasis in mice [64, 65] . The impaired expression of PC1/3 in beta cells of FRID1 mice appears to result in perturbed processing of proinsulin to active insulin since the beta cells of these mice were uncharacteristically loaded with proinsulin as compared to control beta cells [55] . The accumulation of proinsulin in the beta cells of FRID1 mice is strikingly similar to the increased content of proinsulin observed in beta cells of Type II diabetic patients [40] . Together these observations imply that the increased proinsu-lin contents observed for many Type II diabetic patients could result from a beta-cell dysfunction involving impaired expression or activity of PC1/3.
The FRID1 mice also show a reduced number of beta cells compared with normal littermates [55] . In mice beta-cell neogenesis normally proceeds up to about 3 weeks of age in mice [66, 67] and the impaired post-natal expansion of beta-cell number observed in the FRID1 mice implies a role for FGFR1c-signalling in this process. Beta-cell hyperplasia has been observed in both humans and rodents under conditions such as pregnancy and non-diabetic obesity when there is an increased demand for insulin, showing the compensatory capacity of the beta cell [68±70] . The reduced number of beta cells in 10-week old, overt diabetic FRID1 mice as compared to control littermates indicate that FGFR1c-signalling is required for maintaining the competence of beta cells to proliferate in response to hyperglycaemia. Infants with low birth weight have been reported to have relatively fewer beta cells [71] and moreover reduced growth in early life has been linked to impaired glucose tolerance [72] . Together these observations indicate a nutritional and/or growth factor stimulus on beta cell expansion and function. Moreover an impairment of this stimulation could result in an apparent beta cell dysfunction that predisposes the affected subject to Type II diabetes. In light of the perturbed expansion of beta cells as observed in the FRID1 mice [55] , signalling via FGFR1 c might represent one such key stimulatory pathway for beta-cell expansion.
In humans, heterozygosity for a nonsense mutation in the Ipf1 gene, which results in a dominant negative frameshift, has been linked to MODY 4 [73] , a monogenetic form of diabetes that results from betacell dysfunction rather than insulin resistance. Moreover, missense mutations in the human Ipf1 gene are implicated in predisposing subjects to Type II diabetes [74, 75] . Previous work has shown that Ipf1/Pdx1 is required for ensuring normal amounts of insulin and Glut2 expression [76, 77] . In addition there is now genetic evidence suggesting that Ipf1/Pd 1 acts upstream of FGF-signalling in the beta cell, since genetic inactivation of Ipf1/Pdx1 in beta cells, as in the RIP1/Ipf1 D mice [77] , leads to reduced expression of FGFR1 and the ligands FGF1, FGF2, FGF4 and FGF5 [55] . Consequently, the RIP1/Ipf1 D mice also show reduced expression of PC1/3 paralleled by an increase in proinsulin in the beta cells of these mice [55] .
The phenotypes observed in the FRID1 mice; (i) reduced beta-cell number, (ii) impaired glucose sensing, a consequence of loss of Glut2 expression; (iii) perturbed proinsulin processing due to the down regulation of prohormone convertase 1/3 and 2 expression, are reflective of the beta-cell dysfunction associated with Type II diabetic patients. These observations suggest that signalling via FGFR1 c could represent one factor required for beta-cell expansion during early life and in response to hyperglycaemia. Moreover these data provide evidence that FGFR1c-signalling in the beta cell is required to ensure normal expression of key components in glucose sensing (i. e. Glut 2 in mice) and insulin processing machinery (PC1/3 and PC2) and thus to maintain normoglycaemia. The analyses of the RIP1/Ipf1 D mice provide genetic evidence that the Ipf1/Pdx1 transcription factor acts upstream of FGFR1-signalling in controlling key aspects of beta-cell identity (Fig. 4) . The apparent conservation of Ipf1/Pdx1 gene function from mice to humans suggests that also the downstream effects controlled by Ipf1/Pdx1 gene activity could be conserved. Thus it is plausible that analogous to the mouse, FGF-signalling will be important for beta-cell function also in humans and that perturbation of this signalling pathway in adult human beta cells could be linked to Type II diabetes. Whether attenuation of FGF signalling contributes to diabetes in humans has yet to be determined.
Conclusion
Studies focusing on the role of transcription factors in pancreatic development and beta-cell function provide evidence for a strong conservation in the function of these genes in mice and humans [4±6] . Recent insights in the role of growth factors and inductive signals operating during the different stages of pancreas development and beta-cell function are likely to unravel a similar conserved role for these factors as well [7±9] . The understanding of how these latter types of factor control different aspects of pancreas development and function will be critical not only for our understanding of pancreatic disorders such as diabetes and cancer, but also for the prospect of establishing a system where beta cells might be selectively induced and amplified in vivo or ex vivo. In addition, the full characterisation of the different pathways by which these various extrinsic factors operate are likely to identify novel therapeutical targets for the treatment of beta-cell dysfunctions linked to diabetes.
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